This study presents a secondary analysis from the Progressive Resistance Exercise Training in Parkinson Disease (PRET-PD) trial investigating the effects of progressive resistance exercise (PRE) and a Parkinson disease (PD)-specific multimodal exercise program, modified Fitness Counts (mFC), on spatial, temporal, and stability-related gait impairments in people with PD. Methods: Forty-eight people with PD were randomized to participate in PRE or mFC 2 times a week for 24 months; 38 completed the study. Gait velocity, stride length, cadence, and double-support time were measured under 4 walking conditions (off-/on-medication, comfortable/fast speed). Ankle strength was also measured off-and on-medication. Twenty-four healthy controls provided comparison data at one time point. Results: At 24 months, there were no significant differences between exercise groups. Both groups improved fast gait velocity offmedication, cadence in all conditions, and plantarflexion strength off-/on-medication. Both groups with PD had more gait measures that approximated the healthy controls at 24 months than at baseline. Plantarflexion strength was significantly associated with gait velocity and stride length in people with PD at baseline and 24 months, but changes in strength were not associated with changes in gait. Discussion and Conclusions: Twenty-four months of PRE and mFC were associated with improved off-medication fast gait velocity and improved cadence in all conditions, which is important because temporal gait measures can be resistant to medications. Spatial and stability-related measures were resistant to long-term improvements, but did not decline over 24 months. Strength gains did not appear to transfer to gait. Video Abstract available for more insights from the authors (see Supplemental Digital Content 1, http://links.lww.com/JNPT/A161).
predict decreased quality of life 2 and increased mortality in people with PD. 3 Gait impairments are shaped by the characteristic PD motor deficits, bradykinesia, rigidity, and postural instability, but can be resistant to the medical and surgical treatments used to manage PD. 4, 5 Given that people with PD present with different PD-related motor and gait impairments, it is important to understand how different exercise interventions affect specific gait impairments in PD.
Parkinsonian gait impairments can be broken down into decreased gait velocity, as well as spatial, temporal, and stability-related impairments. Decreased stride length is a spatial gait impairment that can be attributed to hypokinetic movement. Decreased cadence, or step frequency, is a temporal gait impairment that could be due to bradykinetic movement. Increased time spent in double-limb support during the gait cycle is a stability-related gait impairment, which may be attributed to postural instability. Together, decreases in stride length and cadence are associated with reduced overall gait velocity. Gait velocity is reduced by 8% to 16% in people with mild-to-moderate PD depending on the condition under which it is tested. 6 Specific PD-related gait impairments can be more pronounced when tested off anti-parkinsonian medication, and at fast gait speeds. 6 Spatial gait impairments and overall gait velocity improve with anti-parkinsonian medications, whereas temporal and stability-related gait impairments can be resistant to medical management. [5] [6] [7] [8] [9] [10] Because the effects of medications are limited, it is important to consider exercise as an alternative therapy to improve or prevent decline in gait velocity, as well as spatial, temporal, and stability-related gait impairments in people with PD.
Although task-specific gait training is the approach most consistently associated with improved gait velocity, and spatial, temporal, and stability-related gait impairments in people with PD, 11, 12 there is also evidence of improved gait performance following 6 to 24 months of strength and balance training. [13] [14] [15] [16] [17] [18] However, the transfer of benefits from strength and balance training to specific spatial, temporal, and stabilityrelated gait measures differs across studies, and the long-term benefits are unknown. It is important to determine the types of exercise that can transfer benefits across PD symptoms with prolonged training periods to improve long-term exercise recommendations for people with PD.
The Progressive Resistance Exercise Training in Parkinson Disease (PRET-PD) trial investigated 2 forms of exercise, each of which could transfer benefits to spatial, temporal, and stability-related gait performance over 24 months, albeit through different mechanisms. [19] [20] [21] [22] [23] Improved lower extremity strength and power have been associated with improved gait velocity and balance in people with PD. 21, 23 Improvements in gait velocity could occur through spatial and/or temporal mechanisms. 21, [23] [24] [25] Therefore, strengthening exercise could improve spatial, temporal, and/or stability-related gait impairments in people with PD. Studies of multimodal balance and core strengthening interventions, similar to the multimodal PD-specific modified Fitness Counts (mFC) exercise program, have been shown to improve gait velocity and spatial gait measures in people with PD. 26, 27 We previously reported that both groups improved general physical function and fast walking velocity (25-ft walk test), while off-and on-medication. 20 However, the long-term positive or differential effect of progressive resistance exercise (PRE) or mFC on spatial, temporal, or stability-related gait impairments in people with PD was not reported. It was also not clear whether improvements in muscle strength were related to spatial, temporal, or stabilityrelated gait changes in people with PD following exercise.
This article presents a planned secondary analysis of the PRET-PD cohort to examine the effect of 24 months of exercise on gait velocity, and spatial, temporal, and stabilityrelated gait performance in people with mild-to-moderate PD. We examined 2 key research areas. First, we examined gait performance over 24 months in people with PD who participated in PRE or mFC. We hypothesized that the PRE group would demonstrate greater improvements over 24 months due to the progressive nature of the intervention. We calculated changes over time, and compared the experimental groups with ageand sex-matched healthy controls to determine whether consistent exercise in people with PD resulted in performance that approximated healthy gait. The second key research area was to determine the association between changes in ankle strength and changes in specific gait impairments following 24 months of exercise. The purpose of this analysis was to demonstrate whether increasing strength transfers benefits to specific gait measures. These analyses will provide new insight into the long-term impact of different types of exercise on gait performance in people with PD.
METHODS
The PRET-PD study was a prospective, parallel-group, single-center, randomized controlled trial, which tested the effect of PRE and mFC on 48 people with PD over 24 months. The current study presents a detailed analysis of secondary measures: gait and ankle strength. Eligibility criteria for people with PD were idiopathic PD as outlined by the Parkinson's Disease Society Brain Bank criteria, 28 aged 50 to 67 years, on stable dopaminergic therapy, and able to walk for 6 minutes. Exclusion criteria were significant neurological history other than PD; significant arthritis; failed Physical Activity Readiness Questionnaire 29 ; cognitive impairment as indicated by a Mini-Mental State Examination score less than 23 30 ; already exercising; and history of surgery for PD. Twenty-four agematched (±5 years) and sex-matched healthy controls, who did not participate in either exercise program, were tested on one occasion to provide comparison data. Inclusion/exclusion criteria for controls were the same as the participants with PD, with the addition of no significant neurologic diagnoses. Because of equipment failure, the data of 1 healthy control were treated as missing.
The full randomized controlled trial profile and CONSORT flow chart were previously reported. 19 Briefly, participants with PD were randomized to participate in either PRE or the active control group of mFC, matched by disease severity and sex after enrollment and baseline testing. A blinded statistician randomized the first member of each pair using a random length, permuted block design. 19 The study was approved by the institutional review boards at Rush University Medical Center and the University of Illinois at Chicago. All participants provided written informed consent.
Exercise Intervention
The PRE group performed progressive strengthening of the trunk, upper, and lower extremities. The mFC group performed the nonprogressive strength, balance, and stretching exercises recommended by the National Parkinson Foundation. 27 The specific exercises are summarized in Table 1 . 19, 20, 27 The programs were identical in the duration of exercise (60-90 minutes), time with the personal trainer (twice per week for 6 months, once per week for remaining 18 months), and number of exercises sessions (twice per week for 24 months = 208). To maximize safety and adherence, exercise was performed on anti-parkinsonian medication at gym facilities near the participant's home, and was paid for by the study. Participants were asked to complete 208 sessions in 24 months. If they missed 1 session, they were instructed to make it up. If they missed 2 consecutive sessions, their trainer contacted the exercise coordinator, who resolved any issues. Each trainer was contacted every 2 to 3 months to identify and address problems with participant well-being or completion of the prescribed exercises.
Assessments
Assessments were performed at the University of Illinois at Chicago by raters blinded to group assignment. Participants with PD were tested at baseline, and every 6 months for 24 months. Off-medication assessments were completed in the morning, following a 12-hour overnight withdrawal from anti-parkinsonian medication. 31 Participants then took their prescribed medication, ate lunch, and repeated the assessments approximately 60 minutes later. The order of testing was pseudorandomized between outcome domains, which included gait, ankle strength, and the previously reported Unified Parkinson's Disease Rating Scale (UPDRS) motor score, upper limb movement speed and strength, quality of life, physical function, and cognition. 19, 20, 32 Gait analysis was completed using the GAITRite (CIR Systems, Inc, Sparta, New Jersey). Participants completed 3 trials walking at their comfortable walking speed, and 3 trials walking "as fast as possible." Four gait measures were extracted from the GAITRite software, and averaged across the 3 trials: gait velocity (m/s), stride length (m), cadence (steps/minute), and double-support time (percentage of the gait cycle).
Seated isometric ankle plantarflexion and dorsiflexion strengths were tested with a custom-made ankle dynamometer with the ankle fixed at a 90
• angle. 33, 34 Strength was defined as the average torque (Nm) in a ±100 ms window around peak torque within a 6-second trial. The best of 3 trials was used.
Statistical Analysis
Statistical analyses were performed using SAS (version 9.4; SAS Institute, Inc, Cary, North Carolina). The PRET-PD study was powered using the off-medication UPDRS motor score, which indicated that 17 patients per group were needed. With a projected attrition rate of 30%, the final sample size was 24 patients per group. 19 PRE and mFC at baseline were compared with the healthy controls using a 1-way analysis of variance (ANOVA). This was done to determine baseline equivalence between mFC and PRE and to quantify impairments in the PRE and mFC groups relative to healthy values. Subjects were tested under 2 medication conditions (off-medication, on-medication) and 2 walking speeds (comfortable speed, fast speed). This produced 4 walking conditions: (1) off-medication comfortable speed, (2) off-medication fast speed, (3) on-medication comfortable speed, and (4) onmedication fast speed. The dependent variables were gait velocity, stride length, cadence, double-support time, plantarflexion strength, and dorsiflexion strength. Separate analyses were performed for each measure.
The first key research area examined the gait measures using mixed-effects regression models followed by single time point comparisons with the control group using a 1-way ANOVA. The regression model examined the fixed effects of group, time, and group-by-time interactions, with random effects of participants. All time points were included in the model. The PRE group was treated as the reference group and the analyses assumed data were missing at random. To reduce the number of possible comparisons, we examined and report 19 Prodoehl et al.
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b Warm-up and cool-down period: 3 minutes of walking followed by 5 repetitions of the following 5 stretches: (1) neck circles to both directions, (2) trunk rotation while lying down to both directions, (3) arm circles in both directions, (4) hamstring stretches while sitting, and (5) ankle stretches while standing.
Copyright © 2017 Academy of Neurologic Physical Therapy, APTA. Unauthorized reproduction of this article is prohibited. Although confidence intervals for between-group differences suggest otherwise, the ANOVA F-test was nonsignificant (P > 0.06).
Copyright © 2017 Academy of Neurologic Physical Therapy, APTA. Unauthorized reproduction of this article is prohibited. only the statistical significance of long-term effect of exercise at 24 months when there was a significant main or interaction effect across all data. We then performed a 1-way ANOVA comparing the 2 groups with PD at the study endpoint with the healthy control group, which had been measured only once. When significant, pairwise comparisons were performed to determine whether each treatment group (PRE or mFC) differed from the healthy controls. The second key research area examined plantarflexion and dorsiflexion strength over 24 months. Similar as discussed earlier, mixed-effects regression models and 1-way ANOVAs were performed. Then, univariate linear regression models were used to investigate (1) the relationship between ankle strength and gait measures at baseline and at 24 months, and (2) the whether 24-month change from baseline in ankle strength predicted the 24-month change from baseline in gait performance, across both groups. The coefficient of determination (R 2 ) was used to determine the proportion of variance in each gait measure that was explained by plantarflexion strength, and the P value for the associated F-test was used to determine its significance. Separate models were used for each variable.
RESULTS

Participants
From September 2007 to July 2011, 48 participants with PD completed baseline and 6-month assessments, and 38 completed the 24-month assessments. Dropouts and adverse events for PRET-PD have been reported in detail. 19 In summary, 7 adverse events, primarily orthopedic in nature, occurred in 6 participants (5 PRE, 1 mFC). Despite the different number of adverse events per group, only 1 participant per group withdrew due to their adverse event (PRE: hospitalization after fall unrelated to training session; mFC: back surgery).
( Table 2 ). Table 2 reveals that both groups with PD began the study impaired compared with the healthy controls in 10/16 gait measures: 7/8 gait measures off-medication (all but comfortable cadence) and 3/8 gait measures on-medication (fast gait velocity, fast cadence, and fast double-support time). Both groups also had impaired plantarflexion strength off-and onmedication.
Effect of 24 Months of Exercise on Gait Measures in PD
At 24 months, there were no significant differences between groups. However, several gait measures were significantly improved relative to baseline in both the PRE and mFC groups. Off-medication, fast gait velocity, comfortable cadence, and fast cadence increased (Figure 1 ; P = 0.01, P = 0.004, P < 0.0001, respectively). On-medication, only comfortable and fast cadence increased (P = 0.006 and P = 0.001, respectively). At 24 months, stride length and double-support time were not different from baseline in either exercise group under any walking conditions (P ≥ 0.06). In the 16 different gait measures, the power to find between group differences ranged from 0.05 to 0.71, and the power to find combined within group differences ranged from 0.12 to greater than 0.99 as reported in Supplementary Table (Supplemental Digital Content, http://links.lww.com/JNPT/A162).
Single Time Point Comparison to Healthy Controls Following 24 Months of Exercise: Gait
A single time point comparison was performed at 24 months to examine whether exercisers with PD continued to demonstrate impaired gait performance relative to healthy controls. After 24 months of exercise, the PRE group remained impaired in 7/16 gait measures (4 off medication and 3 on medication; Table 3 ). The mFC group was similar to controls for all gait measures.
Effects of 24 Months of Exercise on Ankle Strength, and Its Relationship to Gait Performance
At 24 months there were no differences between groups on ankle strength. Off and on-medication, plantarflexion strength was improved in both groups at 24 months relative The same control data were used for comparisons on and off-medication, at baseline and at 24 months. c One participant who completed PRE training was unable to complete off-medication gait and ankle strength testing at time 4 due to dystonia (subjective report of "toe curling"). This participant did complete on-medication testing.
d P ≤ 0.01 between group with PD and controls, from ANOVA with pairwise contrast comparisons. e P < 0.05 between group with PD and controls, from ANOVA with pairwise contrast comparisons. to baseline (Figures 2A and 2B , P < 0.0001 and P = 0.001, respectively). There were no significant changes in dorsiflexion strength in either treatment group, off or on-medication ( Figures 2C and 2D , P > 0.14). Calculating the mean percent change provides additional information. After 24 months of exercise, the mean percent change in plantarflexion strength in the PRE group was 71%, with a 95% confidence interval (CI 95 ) of 44% to 98%. The mean percent change for the mFC group was 27% (CI 95 , −9% to 64%). When tested on-medication, plantarflexion strength changed by 49% in the PRE group (CI 95 , 18% to 81%) and 28% in the mFC group (CI 95 , −4% to 61%). In the single time point comparison of the 2 exercise groups and controls at 24 months (Table 3) , off-medication both groups continued to have plantarflexion strength that was significantly weaker than controls, and the mFC group also had weaker dorsiflexion strength. We further examined whether plantarflexion strength was associated with gait measures at baseline and following 24 months of exercise. Linear regression models demonstrated that baseline plantarflexion strength explained 12% to 20% of the variance in baseline gait velocity and stride length (P ≤ 0.01), but not cadence or double-support time. Table 4 demonstrates that relationships were similar at 24 months. We found that the 24-month improvement from baseline in plantarflexion strength was not associated with the 24-month improvement in any gait measures in the PRE or mFC groups (P ≥ 0.06 for all).
DISCUSSION
This study presents novel findings that long-term participation in either PRE or mFC was associated with long-term improvements in off-medication fast gait velocity in people with mild-to-moderate PD. The temporal gait measure, cadence, improved in all conditions. Plantarflexion strength also improved both off and on-medication, but off-medication plantarflexion strength remained weaker compared with controls at 24 months in both groups. In contrast, spatial (stride length) and stability-related (double-support time) measures were resistant to exercise-induced improvements at 24 months, but they also did not decline (Figure 1) . Finally, we confirmed significant relationships among plantarflexion strength, gait velocity, and stride length at baseline and 24 months. 21, 23 However, improvements in plantarflexion strength with exercise training were not associated with improvements in any of the gait measures. This finding suggests that the changes in gait were not driven by the changes in plantarflexion strength in this population of people with PD with mild-to-moderately impaired plantarflexion strength at baseline. It is possible that there is a minimum threshold of plantarflexion strength, above which the direct effects of strength on gait are too subtle to be picked up by spatiotemporal measures. Thus, the findings reported in this article may be generalized only to people with mild-to-moderate PD severity and mild-to-moderate gait and strength deficits.
Previous research has demonstrated improved gait velocity, as well as spatial and temporal gait measures following short-term (<6 months) strength training and multimodal exercise programs, including balance and weight-shifting programs such as Tai Chi. 13, 15, 16, 26 Although we did not further examine short-term gait improvements with exercise, we demonstrated improved off-medication fast gait velocity at 24 months with both PRE and mFC, which may have been driven by improved cadence without improvement in stride length. The improvements in cadence occurred in all walking conditions in both groups, which is important because temporal gait measures tend to be resistant to medical management in PD. [5] [6] [7] 10 Besides statistical significance as illustrated earlier, another benchmark for intervention effectiveness is whether improvements are clinically meaningful beyond measurement error. 35 Minimal detectable change and clinically important differences, based on data distribution and effect size metrics, have only been established for on-medication gait velocity in people with PD. [36] [37] [38] [39] On a group level, a 0.06 m/s improvement in on-medication comfortable gait velocity has been associated with moderate clinically important difference in the UPDRS. 39 In the current study, the average improvement in both groups met or exceeded 0.06 m/s. 39 At an individual level, the minimal detectable change values for on-medication gait velocity in people with PD, based on a 95% CI and measurement reliability, are 0.09 m/s for comfortable gait velocity and 0.13 m/s for fast gait velocity. 36 A detailed look at data revealed that 18 of the 38 completers improved their on medication comfortable gait velocity greater than 0.09 m/s (10 PRE, 8 mFC), whereas 11 of the 38 completers declined in comfortable gait velocity greater than 0.09 m/s (6 PRE, 5 mFC). In contrast, 19 participants improved greater than 0.13 m/s in onmedication fast gait velocity (9 PRE, 10 mFC), whereas only 2 completers declined by greater than 0.13 m/s (both PRE). Given the variability in the response to exercise between subjects, it is important for future, larger studies to determine whether any patient characteristics can predict better response to exercise. This is an active area of current and future research. Some of the characteristics, which may predict response to exercise, may include age, sex, disease severity, baseline function, baseline strength, past history of exercise, self-efficacy, cognition, or brain function. 40 These analyses support the overall benefits of long-term exercise on gait, but do not support the superiority of either mFC or PRE. For the majority of our measures, a sample size of over 100 would be needed to detect statistically significant differences between groups, which is unlikely to be clinically meaningful. Interestingly, when comparing the PD data to the healthy controls, the mFC group appeared to have an advantage. Both groups with PD started the study with the same 10/16 gait measures impaired compared with controls. At study completion, the mFC group was impaired in 0/16 measures whereas the PRE group remained impaired in 7/16 gait measures. The observation that the mFC group's gait measures were similar to healthy controls at 24 months may have been influenced by the observation that the mFC group's gait and ankle strength measures were slightly closer to the healthy control values at baseline compared with the PRE group (Table 2 and Figure 1) . Thus, at 24 months the similarity between the mFC group and healthy controls could reflect benefits of the exercise program itself or the importance of initiating regular exercise when gait performance is less limited by PD.
41,42
Limitations
There were several limitations that should be considered. First, the study lacked a 24-month "best medical management" control group with PD. Thus, we cannot say that PRE or mFC prevented a decline in gait performance; we only note when these long-term exercisers, with mild-to-moderate PD, were not different from healthy controls 6 to 9 years following diagnosis. A second limitation was that the PRET-PD trial was powered on finding a between-group difference for change in UPDRS motor score, and not change in gait measures. Based on the data collected in this study, group sizes from 30 to 81 participants may be enough to demonstrate that the mFC intervention improved stride length more than the PRE group. The other gait measures would require group sizes greater than 100, which are unlikely to reflect clinically relevant differences between the interventions. A third limitation was that the study lacked a task-specific gait-training group, the gold standard exercise for gait deficits, which could have led to more consistently improved gait performance.
11,12
CONCLUSIONS
In persons with mild to moderate PD, 24 months of PRE or mFC were associated with increased fast gait velocity Copyright © 2017 Academy of Neurologic Physical Therapy, APTA. Unauthorized reproduction of this article is prohibited.
off-medication, and with increased cadence both on-and offmedication. Improvements in plantarflexion strength did drive improvements in gait measures not drive improvements in gait measures. In contrast, spatial and stability-related gait measures were resistant to long-term changes in response to PRE and mFC.
ACKNOWLEDGMENTS
Miriam R. Rafferty contributed to data processing, data analysis, data interpretation, statistical analysis, drafting, and revising the manuscript; Janey Prodoehl, data interpretation, manuscript preparation, and critical manuscript revision; Julie A. Robichaud, study concept and design, obtaining funding, data acquisition, and critical manuscript revision; Fabian J. David, data acquisition, statistical analyses, and critical manuscript revision; Cynthia Poon, data acquisition and critical manuscript revision; Lisa C. Goelz, data acquisition, data processing, and critical manuscript revision; David E. Vaillancourt, study concept and design, obtaining funding, study supervision and technical support, and critical manuscript revision; Wendy M. Kohrt, study concept and design, obtaining funding, study supervision, and critical manuscript revision; Cynthia L. Comella, study concept and design, obtaining funding, study supervision, participant recruitment, and critical manuscript revision; and Daniel M. Corcos, study concept and design, obtaining funding, study supervision and technical/administrative/ material support, and critical manuscript revision.
